Cellular RNA labeling strategies based on bioorthogonal chemical reactions are much less developed in comparison to glycan, protein and DNA due to its inherent instability and lack of effective methods to introduce bioorthogonal reactive functionalities (e.g. azide) into RNA. Here we report the development of a simple and modular posttranscriptional chemical labeling and imaging technique for RNA by using a novel toolbox comprised of azide-modified UTP analogs. These analogs facilitate the enzymatic incorporation of azide groups into RNA, which can be posttranscriptionally labeled with a variety of probes by click and Staudinger reactions. Importantly, we show for the first time the specific incorporation of azide groups into cellular RNA by endogenous RNA polymerases, which enabled the imaging of newly transcribing RNA in fixed and in live cells by click reactions. This labeling method is practical and provides a new platform to study RNA in vitro and in cells.
INTRODUCTION
Chemical modification of RNA has become indispensable in the study of its structure and function and in the development of nucleic acid-based diagnostic and therapeutic tools (1, 2) . Typically, RNA labeling strategies based on solid-phase chemical synthesis and enzymatic methods are sufficient for most in vitro applications. However, analogous labeling strategies for cellular RNA are much less developed. In particular, paucity of efficient RNA imaging tools has been a major impediment in the study of cellular RNA biogenesis, localization and degradation, a combination of processes that tightly regulates gene expression (3) . Methods to visualize RNA commonly rely on metabolic labeling of RNA with ribonucleoside or ribonucleotide analogs such as BrU or BrUTP followed by immunostaining with fluorescent antibody for BrU (4, 5) . However, these methods involve laborious assay setups and are not applicable to all cell types and tissue samples due to limited permeability of the antibodies. Endogenous RNA has also been visualized by using fluorescently-modified antisense oligonucleotide (ON) probes (6,7), molecular beacons (8) , nucleic acid-templated reactions (9, 10) and more recently, aptamerbinding fluorophores (11) . Apart from synthetic challenges in preparing the ON probes, these methods also suffer from poor membrane permeability and short half-life of the probes and background fluorescence due to non-specific interactions (12) .
Alternatively, postsynthetic functionalization by using chemoselective reactions (e.g. azide-alkyne cycloaddition, Staudinger ligation) has recently emerged as a valuable method to label glycans, proteins, lipids and nucleic acids for a variety of applications (13) (14) (15) (16) (17) (18) . In this methodology, a nucleoside containing an unnatural reactive group is incorporated into an ON sequence by chemical or enzymatic method. Further functionalization is achieved postsynthetically by performing a chemoselective reaction between the labeled ON and a probe containing the cognate reactive group. While DNA labeling and imaging techniques based on this strategy are well documented (19) (20) (21) (22) (23) (24) (25) (26) (27) , postsynthetic RNA manipulations are less prevalent (28) (29) (30) as methods developed for DNA often do not work for RNA due to its inherent instability. Moreover, the azide group, which participates in a wide range of bioorthogonal reactions in comparison to alkyne functionality, cannot be easily incorporated into nucleic acids by solid-phase ON synthesis protocols because most azide substrates are unstable in solution and undergo Staudinger-type reaction with phosphoramidite substrates (31) (32) (33) . Hence, except for a very few ex-e16 Nucleic Acids Research, 2016, Vol. 44, No. 2 PAGE 2 OF 12 amples wherein the azide group has been incorporated into DNA (34, 35) , these procedures mostly use easily accessible alkyne-modified nucleic acids, thereby making this postsynthetic modification method one-dimensional (36) (37) (38) (39) (40) (41) .
Owing to these practical problems in current labeling procedures and paucity of efficient RNA imaging tools, we sought to develop a robust and modular labeling tool that would enable the study of RNA in vitro as well as in cells. Towards this endeavour, we have recently reported the effective incorporation of an azide group into short RNA ONs by in vitro transcription reactions using 5-azidopropyl-modified UTP analog (42) . The azide-modified RNA ONs were suitable for posttranscriptional chemical modification by copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) and Staudinger reduction reactions (43) . Encouraged by these results we wished to develop a small series of azide-modified nucleotide analogs, which would enable detailed investigation of the utility of our azide labeling technique to functionalize RNA with biophysical probes by CuAAC, copper-free strain-promoted azide-alkyne cycloaddition (SPAAC) and azide-phosphine Staudinger ligation reactions in vitro and in cells. Here, we describe the development of a versatile toolbox composed of azide-modified uridine triphosphates, which facilitates the direct incorporation of azide functionality into RNA transcripts by transcription reaction (Figure 1 ). The azidemodified RNA is readily functionalized with biophysical probes in a modular fashion by CuAAC, copper-free strainpromoted azide-alkyne cycloaddition (SPAAC) and azidephosphine Staudinger ligation reactions. Importantly, we show for the first time the specific incorporation of azide groups into cellular RNA transcripts by endogenous RNA polymerases. The azide-labeled cellular RNA transcripts are conveniently visualized in fixed cells and live cells by fluorescence microscopy upon click reaction with fluorescent alkynes in the presence and absence of a copper catalyst.
MATERIALS AND METHODS

Enzymatic incorporation of azide-modified UTP 4 and 6
Transcription reactions with α-32 P ATP. The promotertemplate duplexes (5 M) were assembled by heating T7 RNA polymerase consensus promoter DNA sequence and DNA template (T1-T5) in TE buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.8) at 90
• C for 3 min. The solution was allowed to come to room temperature slowly and then placed on an ice bath for 20 min, and stored at −40
• C. The transcription reactions were carried out at 37
• C in 40 mM Tris-HCl buffer (pH 7.9) containing 250 nM annealed promoter-template duplexes, 10 mM MgCl 2 , 10 mM NaCl, 10 mM of dithiothreitol (DTT), 2 mM spermidine, 1 U/l RNase inhibitor (Riboblock), 1 mM GTP, CTP, UTP and or modified UTP 4/6, 20 M ATP, 5 Ci ␣-32 P ATP and 3 U/l T7 RNA in a total volume of 20 l. The reaction was quenched after 3.5 h by adding 20 l of loading buffer (7 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 8), heated for 3 min at 75
• C followed by cooling the samples on an ice bath. The samples (4 l) were loaded on a sequencing 18% denaturing polyacrylamide gel and electrophoresed. The radioactive bands were phosphorimaged and then quantified using the GeneTools software from Syngene to determine the relative transcription efficiencies. Relative percentage incorporation of azide-modified ribonucleoside triphosphates 4 and 6 into full-length transcripts has been reported with respect to the amount of full-length transcript formed in the presence of natural NTPs. All reactions were performed in duplicate and the errors in yields were ≤ 4%.
Large-scale transcription reactions
Large-scale transcription reactions were performed using DNA template T1. Each reaction (250 l) was performed in the presence of 2 mM GTP, CTP, ATP, and modified UTP 4/5/6, 20 mM MgCl 2 , 0.4 U/l RNase inhibitor (Riboblock), 300 nM annealed template and 800 units T7 RNA polymerase. After incubating for 12 h at 37
• C, the reaction volume was reduced to 1/3 by speed vac. 50 l of the loading buffer was added and the sample was loaded on a preparative 20% denaturing polyacrylamide gel. The gel was UV shadowed, appropriate band was cut out, extracted with 0.3 M sodium acetate and desalted using Sep-Pak classic C18 cartridge.
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Enzymatic digestion of RNA ONs 7 and 9
Approximately 4 nmol of the modified oligoribonucleotide transcripts 7 and 9 were treated with snake venom phosphodiesterase I (0.01 U), calf intestinal alkaline phosphatase (10 l, 1 U/l) and RNase A (0.25 g) in a total volume of 100 l in 50 mM Tris-HCl buffer (pH 8.5, 40 mM MgCl 2 , 0.1 mM EDTA) at 37
• C. ON 7 was incubated for 5 h and ONs 9 was incubated for 12 h. After this period, RNase T1 (0.2 U/l) was added, and the samples were incubated for another 1 h (7) and 4 h (9) at 37
• C (44). The ribonucleoside mixture obtained from the digest was analyzed by reversedphase HPLC using Phenomenex-Luna C18 column (250 × 4.6 mm, 5 m) at 260 nm. See Reference 43 for enzymatic digestion of RNA ON 8.
Posttranscriptional modification of azide-modified RNA ONs 7-9 by CuAAC reaction A solution of THPTA (3.3 l, 90 mM), CuSO 4 (3.3 l, 45 mM) and sodium ascorbate (3.3 l, 90 mM) was added to an aqueous solution of azide-modified RNA ONs 7/8/9 in water (27 l, 0.55 mM). Stock solutions (7.5 mM) of alkyne substrates 10, 11 and 12 were prepared in DMSO. Alkyne substrates (10 l, 7.5 mM) were added to individual reaction mix and the reaction volume was adjusted to 50 l by adding water. The final concentration of reaction components was the following: THPTA (6.0 mM), CuSO 4 (3.0 mM), sodium ascorbate (6.0 mM), RNA ON (0.30 mM, 15 nmol), alkyne substrate (1.5 mM) and DMSO (20%). The reaction mixtures were incubated at 37
• C for 30 min and purified by PAGE under denaturing conditions. The bands corresponding to clicked products were cut and extracted in 0.5 M ammonium acetate and desalted using Sep-Pak classic C18 cartridge. For structure of clicked products see Supplementary Scheme S4, and for yields and mass data see Supplementary Table S2 .
Posttranscriptional modification of azide-modified RNA ONs 7-9 by copper-free SPAAC reaction with cyclooctyne building blocks of biotin (13) and Cy3 (14) A solution of azide-modified RNA ONs 7/8/9 in water (23 l, 0.65 mM) was mixed with alkyne substrate 13 or 14 (4.5 l, 10 mM) dissolved in DMSO. Total volume of the reaction was adjusted to 37.5 l by adding 10 l of water such that the final concentration of ONs was 0.40 mM (15 nmol), alkyne substrates was 1.2 mM and percentage of DMSO was 12. The individual reaction mixture was incubated at 37
• C for 1 h and the clicked product was purified by PAGE under denaturing conditions. The bands corresponding to clicked product was cut and extracted in 0.5 M ammonium acetate and desalted using Sep-Pak classic C18 cartridge. For structure of clicked products see Supplementary Scheme S5, and for yields and mass data see Supplementary Table S2 .
Posttranscriptional modification of azide-modified RNA ONs 7-9 by Staudinger ligation reaction with biotinylated triaryl phosphine substrate 15 A solution of azide-modified RNA ONs 7/8/9 in water (27 l, 0.55 mM) was mixed with PBS buffer (10 l, 100 mM).
The biotinylated phosphine substrate 15 (10 l, 15 mM) in DMSO was then added to the above solution and mixed well (45) . The reaction volume was adjusted to 50 l by adding water. The final concentration of reaction components was the following: RNA ONs (0.30 mM, 15 nmol), 15 (3.0 mM) and DMSO (20%). The reaction mixture was incubated at 60
• C for 15 h and was purified by PAGE under denaturing conditions. Bands corresponding to the ligated products were cut and extracted in 0.5 M ammonium acetate and desalted using Sep-Pak classic C18 cartridge. For structure of products see Supplementary Scheme S6, and for yields and mass data see Supplementary Table S2 .
AMU labeling of RNA transcripts in HeLa cells using AMUTP (4)
Mammalian ( • C. The cells were then washed with PBS (3 × 1 ml), and subsequently fixed and permeabilized with 3.7% formaldehyde and 0.5% Triton X-100 in PBS, respectively, for 30 min at RT. The cells were washed with PBS (3 × 5 min) before click reaction. AMU-labeled RNA transcripts were detected by performing CuAAC reaction with Alexa594-alkyne 11 under the following conditions.
Fixed cells were treated with click reaction mix (500 l) containing CuSO 4 (4 mM), 11 (15 M) and sodium ascorbate (10 mM) in TBS (50 mM Tris, 150 mM NaCl, pH 7.4) for 30 min at RT. After this period, the cells were washed with PBS containing sodium azide (2 mM) for 20 min and rinsed again with PBS. DNA was stained with DAPI (500 l, 2 g/ml) in dark for 2 min at RT. The coverslip was then washed with PBS (1 ml) and glued upside-down on microscopy slide using 10 l of slowfade antifade gold. The cells were imaged using a Confocal Laser Scanning Microscope with an oil immersion using 40X and 63X lenses.
Hydroxyurea treatment
Cells were incubated in Opti-MEM (600 l) containing 20 mM hydroxyurea for 5 h after which 150 l of the media was removed. The cells were then supplemented with a freshly prepared solution of transfection mix (150 l, mentioned above) containing 4 and incubated for another 1 h. The final concentration of hydroxyurea and 4 in the media was 15 mM and 1 mM, respectively. The cells were washed, fixed and stained by click reaction using Alexa594-alkyne 11 as mentioned above.
Actinomycin D treatment
Cells were incubated in Opti-MEM (600 l) containing actinomycin D (150 nM or 2.5 M) for 5 h after which 150 l of the media was removed. The cells were then supplemented with a freshly prepared solution of transfection mix (150 l) containing 4, and incubated for another 1 h. The final concentration of actinomycin D and 4 in the media was 100 nM/2.0 M and 1 mM, respectively. The cells were washed, fixed and stained by click reaction using Alexa594-alkyne 11.
RNase A treatment
Cells were incubated in Opti-MEM (600 l) with AMUTP 4 (1 mM) and DOTAP (30 g) for 1 h. The cells were washed, fixed and rinsed as before. The cells were treated with RNase A (single-stranded RNA cleaving enzyme, 200 g/ml) for 45 min at RT. The cells were washed with PBS and stained in the presence of Alexa594-alkyne 11 as before.
Detection of AMU labeling in cellular RNA by copper-free SPAAC reaction
HeLa cells were incubated with Opti-MEM (600 l) supplemented with AMUTP 4 (1 mM) and DOTAP (30 g). After incubating for 1 h, the cells were washed, fixed and permeabilized as before. For staining under SPAAC condition, fixed cells were first treated with 500 l of Triton X (0.01% in PBS) solution containing (10 M) cyclooctyne 14 for 2 h at RT. In a parallel experiment, cells transfected with AMUTP were stained by first SPAAC reaction using 14 (red) as mentioned above. After copper-free click reaction, cells were washed once with 1 ml Triton X (0.01% in PBS) followed by washing with PBS (3 × 5 min). Subsequently, CuAAC reaction was performed using Alexa488-alkyne 16 as mentioned before.
Simultaneous imaging of replicating DNA and newly transcribing RNA in cells
HeLa cells were incubated in DMEM supplemented with 10% FBS and containing EdU (10 M) for 4 h. The media was removed and immediately supplemented with Opti-MEM (600 l) containing AMUTP 4 (1 mM) and DOTAP (30 g). After incubating for 1 h, the cells were washed, fixed and stained under CuAAC conditions as before. The fixed cells were first stained with Alexa-594 azide 17 to detect EdU labeling (red) in DNA. The cells were washed and then stained with Alexa488-alkyne 16 to detect AMU labeling (green) in RNA.
RESULTS AND DISCUSSION
Synthesis and incorporation of azide-modified UTP analogs
5-Modified pyrimidine ribonucleotides are known to serve as good substrates in in vitro transcription reaction catalyzed by T7 RNA polymerase (44, 46) . Therefore, we assembled a toolbox containing 5-azido-modified UTP analogs (4-6) to perform posttranscriptional chemical labeling and imaging of RNA (Scheme 1). The ribonucleo- The corresponding modified triphosphate substrates (4-6) necessary for transcription reactions were obtained by first phosphorylating the nucleoside with POCl 3 followed by a reaction with bis-tributylammonium pyrophosphate (Scheme 1).
The suitability of transcription reaction in producing azide-modified RNA was first evaluated in vitro by using a series of short promoter-template DNA duplexes and T7 RNA polymerase (Figure 2 ). Deoxyadenosine (dA) residue was placed in the coding region of the templates at one or two sites to direct the incorporation of azide-modified UTP into RNA transcripts. The templates were also designed to contain a dT residue at the 5 -end to direct the incorporation of a unique A residue at the 3 -end of each transcript. Transcription reactions were performed with templates T1-T5 in the presence of GTP, CTP, UTP/modified UTP and ␣-32 P ATP. The products were then resolved by polyacrylamide gel electrophoresis (PAGE) and phosphorimaged. In this experimental setup successful transcription reactions producing 3 -end radiolabeled full-length RNA transcripts will be detected and all failed reactions resulting in the formation of truncated transcripts will remain undetected.
Transcription reactions performed in the presence of template T1 and modified UTPs 4-6 resulted in very high yields of azide-modified full-length RNA transcripts 7-9, respectively, in comparison to a control reaction in the presence of natural UTP ( Figure 3, lane 2) . The retarded mobility of modified transcripts as compared to control unmodified transcript indicated the incorporation of heavier nucleotides into transcripts (Figure 3, compare lanes 1 and  2) . In addition to full-length product, non-templated random incorporation of nucleotides resulted in the formation of trace amounts of longer transcripts. This observation is not unusual as in vitro transcription reactions with short templates are known to produce N+1 and N+2 products (47) . Furthermore, absence of a band corresponding to fulllength transcript in a control reaction performed with no UTP or modified UTP ruled out any misincorporation during the transcription reaction ( Figure 3, lane 3) . To test the preference of RNA polymerase, reactions were performed in the presence of 1:1 concentration of natural UTP and modified UTP. Rewardingly, the enzyme incorporated both natural as well as modified UTPs reasonably well, indicating that the azide group could be potentially incorporated into cellular RNA transcripts by using cell's biosynthetic machinery ( Figure 3, lane 4) . Furthermore, reactions with templates T2-T5 revealed that the modified uridine analogs could be incorporated into RNA transcripts near the transcription initiation site (TATA box) and at more than one site with moderate to high efficiency ( Figure 3, lanes 6, 8, 10 and 12).
To unambiguously confirm the incorporation of azide functionality into RNA ONs, large-scale transcription reactions were performed in the presence of template T1 and modified UTPs 4-6. Mass analysis of transcripts isolated after PAGE purification clearly confirmed the integrity of modified full-length RNA products (see Supplementary  Table S1 ). In addition, HPLC analysis of ribonucleoside products obtained from digestion of modified transcripts clearly ascertained the incorporation of azide-modified uridine analogs into RNA (see Supplementary Figures S2, S3) .
The efficacy of RNA polymerase to incorporate azide groups at multiple sites in RNA sequences of biological relevance was evaluated by performing transcription reactions in the presence of linearized plasmid DNA that would generate nearly 1.1 kb RNA transcript (Supplementary Data). All modified UTPs (4-6) were found to be effectively incorporated by RNA polymerase to produce respective transcripts. As before, HPLC analysis of ribonucleoside products obtained from enzymatic digestion of transcripts confirmed the incorporation of modification into the transcripts (Supplementary Figure S4) . The fidelity of transcription reaction in the presence of modified UTPs (e.g. 4) was further evaluated by reverse transcribing modified transcripts into cDNA, which was then PCR amplified and sequenced. The sequencing data of PCR product though showed 100% sequence identity with the template DNA used for in vitro transcription reactions (Supplementary Figures S5-S7 ), we performed additional cloning and sequencing experiments. The PCR amplified fragment was further subjected to A-tailing using Taq polymerase, which was then cloned using TA cloning kit. The individual colonies were sequenced and sequence reads were then aligned to the DNA template sequence. Out of the eight clones that yielded full-length sequences, five clones exhibited 100% identity and in the remaining three only one base differed at three different locations (Supplementary Figure  S8) . Together these results reveal that the azide-modified UTPs are effectively incorporated into RNA transcripts and the transcription products are recognized by reverse transcriptase to generate respective cDNA with reasonable accuracy. This feature of nucleoside analogs could be beneficial in expanding the structural and functional diversity of RNA library used in the in vitro selection protocols (48, 49) .
Posttranscriptional chemical functionalization of azidemodified RNA ONs
The compatibility of azide-modified RNA ONs 7-9 to posttranscriptional chemical functionalization was evaluated by performing click and Staudinger ligation reactions in the presence of a variety of biophysical probes (Figure 4) . First, the azide-modified RNA ONs 7-9 were subjected to CuAAC reaction with alkyne substrates in the presence of a water-soluble Cu(I) stabilizing ligand, tris-(3-hydroxypropyltriazolylmethyl)amine (THPTA) (36, 50) , CuSO 4 and sodium ascorbate at 37
• C. Typically, reaction mixture after 30 min was resolved by PAGE under denaturing conditions, and the band corresponding to the product was isolated. The cycloaddition reaction with naphthalimide-alkyne (10), Alexa594-alkyne (11) and biotin-alkyne (12) was completed in 30 min to afford the desired fluorescent-and biotin-labeled RNA ONs in moderate to good yields ( Figure 5, Supplementary Figure S9 , Supplementary Table S2 ). Reactions between ON 7-9 and biotin-alkyne substrate gave the expected clicked products and also an unknown slower migrating side-product in trace amounts (Supplementary Figure S9) . On the other hand, RNA ONs 7-9 underwent facile copper-free SPAAC reaction with commercially available cyclooctyne building blocks of biotin (13) and Cy3 (14) in 60 min at 37
• C (Figure 5, Supplementary Figure S9 , Supplementary Table S2) to produce the clicked products in moderate to very high yields. In SPAAC reaction conditions, we did not detect any side-products. Next, the azide-modified ONs were subjected to Staudinger ligation reaction with biotinylated triaryl phosphine substrate 15. Since the kinetics of ligation reaction is slow (13) , the desired biotinylated RNA products (15a-15c) were formed in isolable amounts when the reaction was performed for 15 h at elevated temperature (60 • C, Supplementary Table S2 ). Some amount of unreacted azide-modified RNA transcript was noticed as the reaction did not proceed to completion ( Supplementary Figure S9) .
Notably, ATU (3) labeled RNA ON 9 containing a longer tetraethyleneglycol spacer gave the best yield with all substrates as compared to ONs 7 and 8 containing shorter linkers. Under these posttranscriptional modification conditions we observed minimum degradation of RNA (Supplementary Figure S9 ). Typically, 15 nmol reaction scale yielded 4-12 nmol of the labeled product after gel electrophoretic purification. The integrity of all clicked and ligated RNA products was confirmed by mass analysis (Supplementary Table S2 ). Taken together, these results clearly demonstrate that this posttranscriptional chemical labeling methodology is simple, modular, and generates labeled RNA ONs in sufficient amounts for biophysical analysis.
Incorporation of azide-modified UTPs into cellular RNA transcripts by endogenous RNA polymerases
Encouraged by these results, we sought to devise a cellular RNA labeling and imaging method using our ribonucleoside toolbox. We hypothesized that azide groups could be metabolically introduced into cellular RNA transcripts by using azide-modified ribonucleosides (1-3) or ribonucleotides (4-6, Figure 1 ). The labeled RNA could then be chemically functionalized by click reactions with a variety of probes that could be utilized in the study of cellular RNA by various biophysical techniques. The success of this strategy will depend on (i) the cell permeability of modified nucleoside or nucleotides, (ii) the ability of cell's biosynthetic machinery to incorporate the modifications specifically into RNA transcripts and (iii) the compatibility of modified cellular RNA to posttranscriptional chemical modification under bioorthogonal reaction conditions.
The incorporation of azide functionalities into cellular RNA transcripts was first tested by incubating cultured human cervical cancer cells (HeLa) with ribonucleoside analogs 1-3. The cells were fixed, permeabilized, stained with Alexa594-alkyne (11) under CuAAC conditions and imaged by fluorescence microscopy. Unfortunately, the cells did not show appreciable fluorescence signal indicating that the ribonucleoside analogs are probably cell-impermeable and or not good substrates for metabolic labeling by the ribonucleoside salvage pathway (data not shown). As a result, we decided to bypass the phosphorylation steps involved in the salvage pathway by transfecting the cells with modified UTPs, which could now be directly incorporated into cellular RNA by RNA polymerases. Rewardingly, among the nucleotides, cells transfected with 5-azidomethyl UTP (AMUTP, 4) resulted in AMU-labeled RNA transcripts, which were detected by click reactions with fluorescent alkyne probes. Transfection of UTP analogs 5 and 6 in which the azide group is linked via a propyl and tetraethylene glycol linker did not result in detectable incorporation of azide groups into cellular RNA (Supplementary Figure  S10) . This observation indicates that the endogenous RNA polymerases efficiently incorporate the azide-modified UTP 4 containing a shorter linker into RNA as compared to 5 and 6.
Imaging cellular RNA transcription using AMUTP 4
The AMU labeling of RNA by endogenous polymerases was evaluated by transfecting the HeLa cells with increasing concentrations of AMUTP (50 M to 1 mM) for 1 h using DOTAP. Upon fixing and staining the cells with Alexa594-alkyne (11) under CuAAC conditions, nuclear and cytoplasmic staining was observed in concentration-dependent manner ( Figure 6 ). As low as 50 M of AMUTP and incubation time of 15 min produced significant fluorescence signal in all cells (Figure 6, Supplementary Figure S11) . The nucleoli, where abundant rRNA synthesis takes place, stained more intensely indicating higher levels of AMU labeling, presumably in the pre-rRNA ( Supplementary Figure S12) . Apparently, longer incubation times (≥ 3 h) and concentrations of AMUTP ≥ 2 mM resulted in discernable reduction in staining due to cell death ( Supplementary Figure S11, S13) . Expectedly, cells cultured in the absence or presence of AMUTP alone (without DOTAP) displayed no detectable fluorescence signal upon fixing and staining under similar conditions.
AMUTP specifically labels RNA
The observed fluorescence signal from the cells could be due to (i) the specific incorporation of AMU into RNA transcripts followed by a click reaction with Alexa594-alkyne, (ii) a click reaction between unincorporated AMUTP and Alexa594-alkyne and or (iii) non-specific labeling of azide moiety into DNA. To determine the specific incorporation of azide functionality into transcripts by endogenous RNA polymerases, the following tests were performed.
AMUTP can be potentially dephosphorylated into AMUDP by cellular phosphatases, which can serve as a substrate for ribonucleoside diphosphate reductase leading to the production of AMdUDP. AMdUDP can be phosphorylated into AMdUTP, which then could get incorporated into replicating DNA. In such a scenario the observed fluorescence staining would not be exclusively due to AMUlabeled RNA transcripts. Hydroxyurea, a known inhibitor of ribonucleoside diphosphate reductase activity, reduces the effective concentration of dNTPs in the cell thereby stalling the DNA replication process (51) . Cells incubated with AMUTP in the presence of hydroxyurea did not show significant changes in the subcellular staining pattern as compared to in the absence of hydroxyurea ( Figure 7A ). However, control experiments performed in the presence of 5-ethynyl-2'-deoxyuridine (EdU) that incorporates efficiently into DNA, revealed that addition of hydroxyurea abolished the labeling of EdU into DNA. These observations confirm that AMUTP does not label DNA.
Next, we studied the effect of inhibition of RNA polymerases on the AMU labeling. A lower concentration of actinomycin D (100 nM) at which RNA polymerase I is inhibited (52) a significant reduction in fluorescence signal in the nucleus was observed ( Figure 7B ). Further, higher concentration of actinomycin D (2.0 M), which blocks RNA polymerase II also abolished the staining throughout the cells. In a parallel experiment, cells incubated with AMUTP for 1 h were fixed, permeabilized and treated with RNase A (single-stranded RNA cleaving enzyme) for 45 min. The cells were then stained by performing cycloaddition reaction with 11. RNase A treatment resulted in a significant reduction in fluorescence intensity (Supplementary Figure  S14) . Collectively, these results demonstrate that AMU is specifically incorporated into RNA transcripts by endogenous RNA polymerases.
RNA distribution in cells has been studied by using RNA-selective binding fluorescent probes such as SYTORNASelect and styryl dyes (53, 54) . To draw comparison between RNA labeling method using AMUTP and RNAbinding dyes we have performed the following experiments. The cells cultured in the absence or presence of AMUTP 4 were fixed using pre-chilled methanol and were stained by using a commercially available RNA-binding dye, SYTORNASelect (green) and by CuAAC reaction using Alexa594-alkyne 11 (red), respectively. Cells cultured in the absence of AMUTP and stained using SYTO revealed intense punctuate staining of globular intra-nuclear structures (possibly nucleoli) and faint nuclear and cytoplasmic staining (column 2, Supplementary Figure S15) . The observed SYTO staining pattern is consistent with earlier reports (53) (54) (55) (56) . Cells transfected with AMUTP 4 were fixed using methanol according to the SYTO manufacturer's instructions, permeabilized with Triton X-100 and click stained. The staining pattern observed here was similar to the one obtained when click-staining was performed on cells fixed using formaldehyde protocol, (uniform nuclear and cytoplasmic staining with intense punctuate staining of possibly nucleoli). Further, we evaluated the RNA labeling ability of both the methods in the same cell. The cells were treated with AMUTP and were fixed, permeabilized and sequentially stained using Alexa594-alkyne 11 and SYTO dye. In this protocol, cells permeabilized with Triton X-100 exhibited a slightly diffused SYTO staining (column 4, Supplementary Figure S15 ). Although the signal intensity was found to be slightly reduced, click reaction produced similar staining pattern as before. Nevertheless, this sequential staining procedure resulted in discernible colocalization of clickstained RNA and SYTO-stained RNA with less cell-to-cell variation. Further, cells transfected with AMUTP 4 were fixed, permeabilized, treated with RNase A and sequentially stained by using click reaction and SYTO dye. A discernible reduction in fluorescence signal from SYTO dye and click reaction with no apparent change in DAPI staining was observed (column 5, Supplementary Figure S15 ). These results indicated that both SYTO dye and AMUTP specifically labeled RNA transcripts in cells. Although the present click staining method requires the transfection of modified nucleotide into cells followed by a chemical reaction to label RNA, the results demonstrate that this posttranscriptional chemical labeling protocol using AMUTP is very specific, robust and modular (any alkyne probe could be attached to RNA). Fluorescence staining of azide-labeled cellular RNA transcripts by copper-free cycloaddition reaction SPAAC reaction using cyclooctyne probes has been widely used in the bioconjugation of azide-modified glycan, protein, lipid and recently, DNA in cells as it avoids copper catalyst, which is toxic to cells (35, (57) (58) (59) . However, its utility has not been extended to cellular RNA labeling procedures due to lack of efficient methods to label RNA with chemically and metabolically stable azide groups. Now that we have developed a simple method to label cellular RNA with azide functionality using AMUTP, we sought to explore the efficacy of SPAAC reaction in staining RNA posttranscriptionally. The cells were incubated with AMUTP for 1 h and then fixed and stained with cyclooctyne-conjugated Cy3 (14) for 2 h. Unlike staining under CuAAC conditions, SPAAC staining using cyclooctyne 14 was partial and produced intense fluorescence staining only in few cells (Figure 8) . In order to determine cell-to-cell comparison of the two staining methods, cells were first stained by SPAAC reaction using 14 and then were washed and stained again by CuAAC reaction using Alexa-488-alkyne 16. Few cells, which were labeled by copper-free SPAAC reaction (red), were also labeled by CuAAC reaction (green, Figure 8) . However, the intranuclear staining pattern was different. Apart from staining most cells, CuAAC reaction resulted Figure 8 . Imaging cellular RNA transcription using AMUTP 4 under copper-free SPAAC reaction conditions. HeLa cells were transfected with 1 mM of AMUTP 4 for 1 h. The cells were fixed and stained by SPAAC reaction using Cy3-cyclooctyne substrate 14 (red). In a parallel experiment, cells transfected with AMUTP were stained by first SPAAC reaction using 14 (red) followed by CuAAC reaction using Alexa488-alkyne 16 (green). Bottom panel is a merge of all three channels (blue, red and green). Boxed cell has been magnified. in intense nucleoli staining as compared to under SPAAC reaction conditions (Figure 8 rightmost panel) . Despite the differences in staining efficiency (possibly due to poor cell permeability and bulkiness of the cyclooctyne probe, 35,60), these results underscore the potential use of SPAAC reaction in detecting RNA in cells.
The utility of copper-free SPAAC reaction to detect newly transcribing RNA in living cells was studied by first treating the cells with AMUTP for 1 h followed by transiently permeabilizing the cells without fixation using precooled solution of Triton X-100 (35) . Subsequently, cells were treated with cyclooctyne 14 for 30 min at 37
• C, and were washed and observed by confocal microscopy. Given the poor cell permeability of currently available cyclooctyne probes (60), staining of RNA transcripts under SPAAC conditions yielded intense punctuate nucleoli staining and faint nuclear staining in few cells (Supplementary Figure  S16) . Further, cell viability test confirmed the low toxicity of the probe in this staining reaction conditions (Supplementary Figure S17 ). This RNA labeling method is advantageous as the selective incorporation of azide groups into RNA using AMUTP and SPAAC staining procedure provides an alternative route to image transcribing RNA in living cells.
Simultaneous imaging of DNA and RNA synthesis in cells
The specific incorporation of EdU into DNA and AMUTP into RNA was further exploited in designing a simple experiment to simultaneously image replicating DNA and newly transcribing RNA in cells. In this experiment, cells in culture were incubated with EdU and then transfected with AMUTP 4. The fixed cells were sequentially stained with Alexa594-azide 17 to detect EdU labeling in DNA (red) and then with Alexa488-alkyne 16 to detect AMU labeling in RNA (green) under CuAAC conditions ( Figure 9 ). Although alkyne and azide are cognate reactive partners in cycloaddition reaction, selective incorporation of these groups into DNA and RNA by endogenous polymerases uniquely enabled the simultaneous visualization of replicating DNA and newly transcribing RNA by using click reactions.
SUMMARY AND CONCLUSION
We have developed a robust and modular posttranscriptional chemical functionalization protocol to label RNA in vitro and in cells with biophysical probes by using a novel toolbox made of azide-modified UTP analogs. These modified UTPs, synthesized in few steps, are effectively incorporated by RNA polymerases to endow RNA with azide functionality. Further, the azide-modified transcripts are conveniently labeled posttranscriptionally by CuAAC, SPAAC and Staudinger ligation reactions with a variety of sub- strates ranging from fluorescent probes to affinity tags. Although methods are available to metabolically incorporate the versatile azide functional group into glycan, protein and DNA, incorporation of azide groups into cellular RNA has remained elusive until now. In this context, the incorporation of azide-modified UTP analog (AMUTP) by endogenous RNA polymerases is the first example of selective labeling of cellular RNA transcripts with azide groups. The azide groups in RNA provide an easy handle to image newly transcribing RNA in fixed cells as well as live cells by CuAAC and copper-free SPAAC reactions. Further, the selective labeling of RNA with azide has enabled us to devise a simple method to simultaneously image DNA and RNA synthesis in cells by using click reactions. It is expected that this modular and practical chemical labeling methodology will provide a new platform to study RNA in vitro and in cells (e.g. RNA synthesis, localization and degradation). We are currently investigating the utility of this method in imaging RNA in live cells and animal models using fluorogenic probes.
